
!"#"$%&’ ($)"% >?78
!"#$% !"#$ %&"’()&(*(+&"$ ,&-&"$
!"&##’(#!$! % #!$&)! ’()*+,*- .//"
011’ ///# % 2./")3’ ## % #""$45
6778(449(:-;<=>? @+? <A? A;4<A7<+@A-(A;

!JKLMNsO@RB*=(C &2D#/D2&"/.EE/RFD+<@=(A;:% G>H<;IJ.2E? ;*7)s}oRB*=(C &2D#/D2!&/K!$"RFD+<@=(H<;ILMJ @+? <A? A;

)*+,-N<ON"LMNGh&#"&E %’RXRp.B[Rt=56"RDEab0}wo51256RFD+<@=(@)(-H % A;:J#2E? A(+)Wk

$&#"K2 %’R=R>k[R<=56"RDEab>‘!"#p12>zJKN

./01-.//"D/!D#223401-.//"D/$D/2

78%o;[ynYzG8{|xgjk

{?# N#;@A. N#BCD#!#BEF.!

&# h@q/d$"NE$$|R9L #///!&’

&. ;*E$|!"#56dR!"#"pqa17*+12ghiR9L #//#/#’

BC(".p#{‘fZm ./0 wD}hCp3EfZm&.1’23!’#0}w;p~jR<_WN"Ms#56
n?hE}hCpy<av(yHP .REDaD,’/W’xR{‘Qe9fZmp~j_WN"=7#e9
fZm#*F0}w&,#’14#(25"1/ "*$67*&+1’7/’’OOPE$&$B4aW0}w& ,#’14#(25"1/ "(1*&"(*(’’Q#!$Rt>r
X0}w&,#’14#(25"1/ 61-1871*$1’01R$.E/vf~C0}w& ,#’14#(25"1/ *&6&9$-/ BS$!’I2~jN#*F0}
wG4aW0}w; ./0 p~j(pERM .1’23!N"=:#./0 G .1’23!x:?M0}wp2(pfZ
mNo2+;[e9fZmpC?1\Q]^r;R9[0}w3E~jgL1\QPp(1N
DEF-RfZm)0}w)%s3E
GHIJK-5"EE LMNOP-T LQRK-///#D2./"S.//"T##D#!$!D/$

0}w&17-*87(+HA*7*>’x"qDEVpMAB
p2 U C 3V[\TUVxpwRm5SpuY=
KB"(|avo512N+p12yzx"9q
<5SBT[twp‘"oT#yzRHfZmG|
+HeT#GOKvQo9T#’x;p34a
7N0}w3EpfZm=Klm‘}pF#GR#i
R,e;+fK#5SpRmB‘[m‘1fZm
pT#wR>D}hCp3E& 1’2F’F.GBF3n5
{Qid’3E& $4:’B="A3AwDhiRu
(3E& ’19W’FEGLR@[m1vpB7wpfZmR
ob=K(RG5SpT#,em9N0}wzu
$‘bo512$#R̂ 2$B‘uw’Rx"qm
1E>‘fOp!"#NE,R0}wx%v"#
$56.2!"NH2(pfZmx%v"#$g
Lp35HeEgLRTo2gLGRp^nmn
M+\pY?N(?:EpfZmTMg#.23
Ep~juo-91EN

D}hCp3EfZm&.1’23’VpMDWn
‘,wpD}h%v3ENR(M 1’2FG 1’53!
mRx"b#0}w;FvI~jpRfZmN+
x"9‘1fZmRlmeT % #/ G % E$ wRMW
TNRe9 % E$wmq K! ,8Rlme9iRC.(
2&=# #’NfZmw U C 3V[\‘2&2.V X
2$V’R|; .1’23 !p % #/G % E$w;QGOp
mq%%_F"#RfZmp9hmq #K Y # ,8R
H .1’23 "p % #/ G % E$ wmq#lE+M
.1’23 !R(Rx8|fZm(p9aM .1’23
!NTfZmw;p .1’23 "p % E$wp BUU1
\m O P l F 7 fRb c Q / R p f Z m
.1’23!F! % $GN
#C?p0}wRfZm;RxD}hCp3

EfZmxRT|+RfZm56‘#N556p
fZm ./0 xa ,#’14#(25"1/ +:$-$1-/&/ 86<I* 0#" ;
cVpRfZmF2GRw .1’23! TNR./0 9x"9



‘1fZm&# !’RlmeT " !#G " $%wRe9
" $%wp1T(Re9 " !#wma71vNfZm
wp & ’ ()[\{ !"#$%!&Rd8[ *+)Rwd
Nvwp & ’ ()[\&*$)’q>F,GN+pfZ(
p^ZmOPy0-p56N

H ! !"# U !$%&’!gKLS}~^[y
-./0! 123 456789.:5; 5< =23 :3>?3;43: 8;@ <?;4=.5; 93/.5; 5< !&’ 8;@

!"#$%! 0 123 7?=8=.A3 " !# 8;@ " $% 93/.5;: 893 .;@.48=3@ .; B5C3:0

%s3Ex"b[\izrsMpLMq‘’
p3ENd+p[\GOG3E~jT#GOy%
uvz%3ER‘w|+.p3Ey%R#T#GO
#A’OP~jR(a?V{#.p3Ep~jT
#N3#%s3ECqr6?MfZm78B{#
i3Ev|~jB.tpKSi1wM#p’(L
56./FDGN(yHP +R$EaD,’/W56x#
0}w;{‘<?p%s3E’xN]’2-cW
‘!|Wp(yHPif[JWp + "%}~Q2
nR<(JyMl $,% ;6y/gR<Vl\N#o
);!Dk#(yHP(Cxpw+iJWREH
x"bBop/W23FF " !#GN

567ZH?hE}hCp3E& (")’G(y
HP +R$EaD,’3E& *+,G’L[%s3ER{‘
Q !&’ w!"#$%!p~jR<R[.>p0}w3E
~jgh1\Q"bPp(1N

! #$rde

! "! CD
!#!#! wbwqH(dNvw& %&-."#/-./0 -),/’
HI!#FRG1!+%J,&7KLD##+’R*F0}wR4aW0
}wRt>rX0}wRf~C0}wRavqH
7M(!!$F G 7NG1!%+ [5ghiHmR7OH*#D$F!!GR

7LP!+!B7GQ!%+G 7NR+J5ghiv/KPN
!#!#$ FS3GC"h(dNvwFS3? STRT
%idk&FS3? UNORT%idk&FS3?
+ V W1F!+GR# ST;pZ+}hoz<[ %#!/X6SR
T%id;hE}hoz<[ +%!/X6SRe}ho
z<[ +%!/X6SRxD"l#Qoz<[ +%!/X6S)
*F0}wFS? WYR|[0}wFS? INRFS
{C?pZ+}hoz<[ +%!/X6SN(yHPp
z<[ #Z% IN
!#!#% kXG’(556d?~Ap>d’G 1*
YQU S./8:3VH -3963;=8:R[<? YQUI%’VH42
"-EedTRDggkXeVH<$c"#dTN
!&’ fZm#P<an"#efm~&%dT%
vRS##9L&$o"#>zdT%vN
!#!#& S#(~ ![556C?S?N

S ! cOG![g"f
18B\3 ! [9.639: ?:3@ .; =2.: :=?@]

Q863 N3>?3;43&%^"$^’8 Y3:49.7=.5;:

-!
1&1U&(&&((&(&U1U1(1&U&
11&UU

U67\.<.48=.5; 5< =23
*+,G

R! U1((&UU11(1(U&&1(U&(U(&

-+
1U1U&UU11(U&U1(1&((11&U((
11&U1

U67\.<.48=.5; 5< =23
1&’E*+,"

R+ 11U(&UU11(1(U&&1(U&(U(&&1
8(R3:=9.4=.5; :.=3: 893 ?;@39\.;3@0 2)3 O(&(&&((&()%-)R O(&UU11(

! "$ ’#v)
dNvwHIgL]k6:F!$GR0}wFSR

dNvwE0}wmT%idL]k6:F!+GN
_]\G/Ws%’]k6:F!+GR+gh;wk\j
V +# 6SR?777<pM\ $,% ;6yp/7O R
M\=7[ U$,%ww&A1p{ON

! "% $%8k=&’ge;
iKlfUpmU1RD-wklfy;{R?

ylmu{i"oR+lfy;{NI># J#‘(
-;(AR@ !+ 2M\oU&ww&p{1\Rd
8e4>RK\{{1\z+7"f-R,{U&w
w&p{1\@ymplfU1\dcpOB[w
&pA1N
! "& qr%&SH $T
!#&#! 7-Q!!$pKP(dT%vp !&’ #aRa~
Ap>d’ 45,"G 60(@#’d#aR$#3TV
45,"G 60(@#’dyp 7M(!!$F ;RcV 7M(E
7:<N%-)RO’d 7NR+ cV[mhE}hCp3E
p#aRI>e]#a:- 7M(E7:<RcV 7-Q!!$N
!#&#$ 7LP++!KP(a %-)RO’d 7NR+Rgg[m

%%*!GhL(%s3Es{‘eb+,wfZmp(p 0 X!"#$%&+##F’*F&!!’

Absent
Image
File: 0



hE}hCp3Ep#aRI>:- !"#$%$RcV
!"#%%$N!"#$%$C[m !"#$%!N
!"#"$ !&’$(%pKP(a !)*+,-.[,)R?S# $
&~ $’UG &’(&#aNp )*+)G %,*/)a’d>R
w )*+ ) G %,*/ ) a’dp !&’$(% 3TRcV
!&0$(%N
!"#"# !10$(% pKP(a -.$2) G %,*/) ’d
!&’$(%RggcV[m &’(& p#a:- !345!67R
cV !10$$.Na !10$$.[,)R?S# %&~ $’U

GcV[m /015&’(" p#aRgg> %,*2)’dR:
-qH !8&9$(%RcV !10$(%N
! %& ()%*uk+ZcO

JyT%idpMseKPoqHi-*F0
}w;NI>{‘ImzNfZmp1FwD#
:;FS3;phE}hCp~jVWN#[mz
NhE}hz<pFS3;FS1FwRhE}h
y<[ $,, < $,,,!=>?@RwD .,AFSk4-.
=7N

H ’ qr ()*!!$,(+,’’!,()-!&’ S (.*!&’gjkH
1B=C% DE!6 F7 !GE6?BH6 !1’$$.R!"#%%$R!10$(% EIH !&’$(%C

’ q%

’ %! ()%*uk+ZcO
JyT%idpMseKPop !1’$$. G

!"#%%$e9qHi-*F0}w;Ngh=7/
8RebfZmIRChE}hCp3E#*F0
}w;~jR<Z@CwDphE}hCpuoj
V $,,,!=>?@RnY+\@x2R<pfZmNI
mhE}hCp3EHZmfZmp1FqHRa
N}pMsi-0}wL[TkRuR#hE}h

z<[ .,!=>?@p :;FS3;";&=7Zm/
8’N
’ %’ -/0.-z;[y{|xjk

hE}hCpghJy1FwphE}hCp
uo5"#zNfZm’hE}hCp3Ep~j
34Rx"b.)pB2l\pMsN[QO"%l
\M\<{‘ebfZmp(pR"\H?Q 0JG&
/WsRC?8xMl %5%}~Q2np"v\R
lTPl 0JG&(pR<yxQw&";\pPQR
EHx"blTHMPpMsN

K(+$ *BE @B LM EG C >3,+. 45,#*65*(*75,. 8595,.&%,,N’+N&$$’

Absent Image
File: 0



JyT%idpMseKPop !"#$%& G
!’($%&e9qHi-*F0}w;N1Fw )%*%(
!"#$%&R)%*%(!’($%&;&,m>Tb- +,k&F
S37[FS ) -NI>? #./’/WsM\fZm
p~j(pN~ &[e9fZm# +,FS3;p
~j_WN

gh+;~YR#*F0}w; !"# p~j(
pE)2M !$%&’!R( sh<Y# 010% uom/
0p_WN9+o*< !"# x"92~j(ppf
ZmN
S ! "#$%-z;k={|x^./$%8GS0jk
234/5 & ’63/7389:; :< !=:>:85= 3?8969895@ 9; ) A *+,-.+/0$%." 4. >53@7=9;B

#./’ 3?8969895@

C)D%E
?5// -=. F59BG8&CEB’

!"# !$%&’!

$ $AD&D $1)H)
& &1$D0 $1)ID
) $1D%& $1)&*
1 J @- $1**) J 01&HI $1)%K J 010)K

2 L 010&&$D

! &’ n[{|x^c1$%8Gg[y
eKPopqH !"#$%&G !’($%&7ZJyT

%idpMsi-4aW0}wRt>rX0}w
Gf~C0}wN<H?;SN}pMsRBn?
sMw&;p #./’(ppMsmTM\fZm(
pN~ ) [e9fZmp(p_WRo+H? MN
FS3Ngh+;["ogh=7R=7nYR!"#
#4a0}w;p~j(pE)2M !$%&’!N+
#t>rX0}wGf~C0}w;$T5N
S ’ "#$%-z;k={|x^VZ$%8GS0jk
234/5 ) ’63/7389:; :< !=:>:85= 3?8969895@ 9; -9<<5=5;8 N8=5!8:>.?585@ 4.

>53@7=9;B #./’ 3?8969895@

C)D%E?5// -=.
F59BG8&CEB’

) 1 *3$+/*3+3%
M$H%

) A -$4$5.$+,$ ) A +/-/6,4"

!"# )1)HD &1$$* $1H)I
!$%&’! &1KDD )10K0 &1&0$

’ ()
# !"# w/;R!"# !fZmp O $0 G O )% w

;QGOpmq%%_F"#RfZmp9hm
qR!"# "fZmpmqw$E;"2R~j(p(
RxaM !"# !p~j(pNHZR!"# (a#dN
vw;~jN#~ H ;T{Q"2fZmp O )%
G O $0wpGONaGO{‘(a|&R!"# "f
Zmw2I_F"#fZmT>)!"#!fZmp O
)%ww2I_F"#fZmT>RO $0w$zNN

S ( {|x ) ’*^S ) +,^gKL[y
234/5 H P:>!3=9@:; :< 8G5 !:85;893/ O $0 3;- O )% @5Q75;?5@ :< -9<<5=5;8

!=:>:85=@

R=:>:85=
(7?/5:89-5 @5Q75;?5

O )% =5B9:; ,9@83;?5E4! O $0 =5B9:;

N8=5!8:>.?585 !=:>:85=@ F98G
@5Q75;?5@ @9>9/3= 8: ’ A *3+/
!=:>:85=@F$HG

22SCP&R7’ $K O $*
2CB& R7 ’
&R7’2

!$%&’ ! 2SSCPC $H 2CSSC2
!$%&’! ! SSPCPC $H 2CSSC2
!$%&’ " 22SCPS $* SCSSC2
!"# ! 22SC2S $D C2PCC2
!"# " 22SCPP $I 2CPCC2
’ A *3+/ 22SCP3 $D 2C8C324

R7(!7=9;5 43@5)4(N>3// /5885=@ >53; /:F5= ?:;@5=6389:; :< 2 := C

556KPpqH !"($$) G !TU&&$R!"#$%&
G !’($%&7Z#%s3EqN:- !"# ‘!$%&’!
fZmRqH|0a7IT>‘TNNE,ebq
H%1p%s3E~juopzNR6?rMe9
fZmpRaN#/Wgh;C? !N’2$%&qHL
[|&Hzi4C? !VP$$)I qHRxE[
!VP$$)Ix"bt<UVIR‘STpqHR+#w
&;pST+xzklpNfZmp~j_Wm(
RxJMST+pzNH&3,_NH !N’2$%&x
L%IpqHR+(aL%VwDp*W&;R"9
*W&"9STRo}:<*QfZmST+z"
}SCpgh,_N

JyT{ghR"\(a|& !"# x"bRp
FvIfZmR+w !$%&’!p~j(p#zNp
wD;m"l_WRo(RwzNwDTHSfa
G#EmFvzNm9N#Emx"qw W(CI%
’=%pLMR+RS1 W(CI%’nZ7WfZ
mGORfZ.p3EpiRNdm.w@[m‘
9#EmRnZzNpfZmGONHzNwbp
NGRp#Em9ze]TNR#GOG(p;~
3&"lc_WRdaN"fZm#zNwb;p
(p9ze]TNNfZm(p_W^wT9#E
m~j,em9N{!R!"# x"9(pBRpf
ZmR#‘b0}w;~3&B2(pRx(a#a
>pgh;Dan?pfZmN

gh;n?Cpy<pMs{‘e9fZmp
~j(pR+xJMeM@x2(ppfZmRCc
Cp{‘pMs/8z&eMp_WNJ? 17+’
3E/WMs{‘eMp~j_W>R+o/8Q
eMpRfZm(pR<Rl\-5"&ebfZ
m#zNKD;~j(pp_WN

D%H$GhL(%s3Es{‘eb+,wfZmp(p A E!"#$%&&00I’HI&$$’



23 感谢中国科学院上海植物生理生态研究所赵

国平教授提供的 !"#$%&’，中国科学院微生物研究所

郑舰艇博士提供的质粒 !()*+*。感谢中国科学院

微生物研究所范克强老师和田秀云博士对文章写作

的修改帮助。

OPQR
F *Gs-<R7n.R/mPRL , 0}w~j’xp56

O8 , Q‘"#ef$%& !"#$%&’ "( )*$+,#’-#$&’
.+"-/,0%"’"*1’R*--.R$&’’(+.% / +.&,

F +G 0122 3#R#456675 89R)45: #3, ;<=515> 45: 454<?616 =@
AB7 !C=D=A7C C7>1=5 =@ AB7 7C?ABC=D?E15 C7616A45E7&7CDF’
>757 =@ 2-$/3-"41,/5 /$1-0$&/#5 , 6/%/R*-&GR’&(+*G /
++.,

F ’Gk;"Rk08 , 0}w 9HII%’pWqpGfZ
mp‘}p , *xLMC"h7!&7"$’8 9"-/5 "%
)%-+:+"-+,5’R*--JR*&&$’(+$& / +G%,

F $G KEBD1AA #LRF5>7<6 #), MC=D=A7C E=56ACNEA1=56 @=C 7@@1E175A
67EC7A1=5 7O!C7661=5 15 KAC7!A=D?E76 <1P1:456, )33’+/8
;+,$":+"’"*1 .+"-/,0%"’"*1R*--+R’.($-’ / $-&,

F GG 0122 3#R#456675 89, ;=56ACNEA1=5 45: EB4C4EA7C1Q4A1=5 =@
4 67C176 =@ DN<1RE=!? !C=D=A7CR!C=27 !<46D1: P7EA=C6
!B=6!B=AC456@7C467 >757 @C=D L5G 46 15:1E4A=C , ;"’/,#’&$
&%8 6/%/$&’ 6/%/-+,5R*-&.R+%’($.& / $J&,

F .G 842C17<7 SR 37CP?5 0R )=<@>45> ), "6=<4A1=5 45:
EB4C4EA7C1Q4A1=5 =@ 4 6AC=5> !C=D=A7C 7<7D75A @C=D AB7

2-$/3-"41,/5 *0&%&/%5+5 !B4>7 "*- N615> AB7 >75A4D1E15
C7616A45E7 >757& 44E;* ’ =@ L5*.-. 46 C7!=CA7C ,
;+,$":+"’"*1R*--J, *$’R*G%’ / *G*+,

F JG T4U<7? VWR3E;<NC7 )9, ;=D!1<4A1=5 45: 454<?616 =@
F6EB7C1EB14 E=<1 !C=D=A7C VHI 67XN75E76, 9#,’/+, ),+85
<//&$,05R*-&’R**(++’J / ++GG,

F &G1;UR2m3Rk4q , %s3Ep(1v|56
sW , "zE$O8&=$"*$/55 +% =015+"’"*+,&’ 2,+/%,/5’R
+%%+R’’&$’(’.$ / ’..,

F -GjA5 RQZi , (yHP +R’RaD,’/W2n
3E 5 6 O 8 , " # > z O 8& =$"*$/55 +%
.+"-/,0%"’"*1’R*--&R*’&G’(+. / +-,

F*%G |67RA83R9i:RL , (yHP +R’RaD,’
p=KGGR56O8 , "#efJ%&.+"-/,0%"’"*1
.#’’/-+%’R+%%JR$(G* / G$,

F**G L1D=AB? 3;R37CP?5 #0, KAC7!A=D?E76 !C=D=A7CR!C=27
!<46D1:6 AB4A NA1<167 AB7 O?<F >757 =@ M67N:=D=546 !NA1:4,
9#,’/+, ),+85 </5/&$,0R*-&-, *&&$’(*%JJ,

F*+G L=2146 WR 0122 3#R34CY #0, MC4EA1E4< 2-$/3-"41,/5
8757A1E6, H=CU1EB(LB7 #=B5 "5576 Z=N5:4A1=5R+%%%,

F*’G K4D2C==Y #RZC1A6B FR34514A16 L, 3=<7EN<4C E<=515>(
IS42=C4A=C? 345N4< , ’C: 7:, H7U [=CY( ;=<: K!C15>
T4C2=C S42=C4A=C? MC766R+%%+,

F*$G KAC=B< )9, ;=D!1<4A1=5 45: 454<?616 =@ VHI 67XN75E76
466=E14A7: U1AB 4!!4C75A 6AC7!A=D?E7A7 !C=D=A7C6, 9#,’/+,
),+85 </5/&$,0R*--+R+%(-.* / -J$,

!"#$%#&’() (* &+, #-&’"’&’,. (* &/( 01(2(&,1. ’) 3&1,0&(24-,&,. 54 1,0(1&,1 6,),
2,&+(7

#14 S1* \RK1B41 ]145>+ \R]1N6B45 [45>*!RW7X145 [45>+!
&* KEB==< =@ S1@7 KE175E76R;4!1A4< H=CD4< ^51P7C61A?R071_15> *%%%$&R;B154’
&+ "56A1ANA7 =@ 31EC=21=<=>?R;B15767 IE4:7D? =@ KE175E76R071_15> *%%*%*R;B154’

85.&1#-&(F95:,-&’",GLB7 DNA4A7: !C=D=A7C =@ AB7 7C?ABC=D?E15 C7616A45E7 >757&=/$4>!’16 4 6AC=5> !C=D=A7C >757C4<<? N67:
15 6AC7!A=D?E7A76R45: U7 7P4<N4A7: AB7 7O!C7661=5 4EA1P1A176 =@ 4 57U !C=D=A7C& =5(’45: =/$4>! 15 KAC7!A=D?E7A76 ,
F;,&+(7.G)7 N67: Y454D?E15 C7616A45E7 >757&%/"’45: E4A7EB=< +R’R:1=O?>75467 >757& ?1’F’46 C7!=CA7C6 ,F<,.%$&.G0=AB
!C=D=A7C6 7OB121A7: B1>B <7P7< =@ !C=D=A7C 4EA1P1A176 15 2-$/3-"41,/5 ,’&@#’+*/$#5 H99S’G&GR2-$/3-"41,/5 ,"/’+,"’"$ 3*$GR
2-$/3-"41,/5 @/%/A#/’&/ "KMG+’% 45: 2-$/3-"41,/5 ’+@+8&%5 LWG$ , LB7 4EA1P1A176 =@ =5( U7C7 B1>B7C AB45 AB=67 =@ =/$4>! 15 2 ,
,’&@#’+*/$#5 45: 2 , ,"/’+,"’"$ ,F=()-$%.’()G0=AB =5( 45: =/$4>! 4C7 6AC=5> !C=D=A7C6 6N1A42<7 @=C >757 =P7CR7O!C7661=5 15
KAC7!A=D?E7A76 45: =5( U1<< =@@7C 45 4<A7C54A1P7 @=C B1>BR<7P7< >757 7O!C7661=5,
>,4/(17.(6AC=5> !C=D=A7C)KAC7!A=D?E7A76)C7!=CA7C >757

（本文责编：王晋芳）

! ;=CC76!=5:15> 4NAB=C6, L7<(‘ &.R*%R.&-%+’’%RFRD41<(E5N/ O6?45>a+.’, 57A)W7X145 [45>RL7<(‘ &.R*%R.$&%J$G-RFRD41<(?45>YXa 1D, 4E, E5
\ LB767 4NAB=C6 E=5AC12NA7: 7XN4<<? A= AB16 U=CY,

97E71P7:(*. I!C1< +%%-b97P167:(. 34? +%%-

&G$* #14 S1 7A 4< , b),-& ;+,$":+"’"*+,& 2+%+,&&+%%-’$-&**’




